Introduction
There are several diseases where a misfolded protein causes deleterious damages at different cellular levels [1] . Amyloidosis corresponds to a subgroup of these diseases whose remarkable feature is the ordered aggregation of the misfolded protein resulting in fibers, known as amyloid fibrils. Tissue-specific amyloid accumulation is known as localized amyloidosis, when several organs are affected these pathologies are known as systemic amyloidosis [2] . AL amyloidosis is the most common systemic amyloidosis, resulting in approximately 5000 new patients each year in the European Union. The main organs in which AL amyloids can deposit are kidneys, heart, liver, or spleen [3, 4] . AL amyloidosis involves the amyloid aggregation of the variable domain (V L ) of the light chain (LC) from monoclonal immunoglobulins, which are expressed as independent protein fragments [5, 6] . Since V L s related to AL amyloidosis were exposed to Abbreviations CDR, complementary-determining region; FR, framework; LC, immunoglobulin light chain; PDB, protein data bank; V L , variable domain of the light chain. somatic hypermutation, several hot spots stand along their encoding DNA sequence. This high amino acid sequence variability imposes an important challenge to the understanding of the molecular bases of this disease [7, 8] . Although germ lines can be identified as kappa (j) or lambda (k) with expression levels in humans of 60% and 40%, respectively [9] , it is striking that k V L s encoded by germ lines 6a and 3r are highly susceptible to amyloid aggregation [10] . In order to elucidate the propensity of k6a to amyloid aggregation, a recombinant model light chain encoded by germ line 6a and JL2 gene segments and denominated 6aJL2 was constructed [11, 12] . In vitro experiments revealed that the protein product, 6aJL2, showed a thermodynamic stability of 5.2 kcalÁmol À1 , higher than that of other amyloidogenic V L s derived from this germ line. Furthermore, a presumably allotypic variant of germ line 6a bearing only one change (Arg25Gly) and present in 25% of k6 V L s was also included in this experiment. This single mutant, named 6a-R25G, showed a significant lower thermodynamic stability and enhanced fibrillogenic properties [11] . Other reports have shown that single point mutations incorporated in other segments of 6aJL2 (such as Phe2Ser, Phe2Pro, Phe2Ala, Phe2Leu, Phe2Trp, Gln6Asn, Pro7-Ser, His8Ser, Arg25Gly, Arg25His, Ile30Gly, and Tyr36Phe) generated variants that decreased thermodynamic stability [13] [14] [15] [16] . In this work, another approach to understand AL amyloidosis was implemented through mutating an amyloidogenic k6a V L isolated from a patient back to the sequence of the germ line. The aim of this approach was to understand the stabilizing effects of certain back mutations all over the variable domain. This domain, named AR, has been reported as the least stable and the most fibrillogenic k6 LC, capable of forming amyloid fibrils in approximately half an hour [17] . Furthermore, AR was the first amyloidogenic k6 V L reported [18, 19] . AR showed 14 mutations and an extra Glycine compared with recombinant germ line 6aJL2, a high sequence identity between them, around 85%, and all the mutations were distributed throughout all the sequence highlighting the somatic hypermutagenic origin of this light chain [17] . AR contains Gly25, which gave us the opportunity to explore the stabilizing effect of mutating this residue back to Arg. We performed a thermodynamic analysis over AR by means of the generation of a set of single, double, and triple back mutants. The 3D structure of two such proteins shows different interactions and coincidences at the quaternary structure level among crystallographic and symmetry-related structures.
Results

Selection and analysis of three important residues
Compared with 6aJL2, six mutations in AR were located at frameworks (FRs) D1N, F21I, A43S, D68E, A68bS, and V104L; and eight mutations were located in complementarity-determining regions (CDRs), the segments that interact with the antigen-G25R, S27G, D31bS, S32N, F33Y, D50E, N92D, N94S, and H95N (Fig. 1) . Mutations in FRs were less frequent because the somatic hypermutation process is regularly pinpointed on DNA hot spots of CDRs [20, 21] . Remarkably, positions 21 and 104 have been categorized as residues belonging to the central hydrophobic region altogether with Trp35 [9, 22] . The relevance of Trp35 is that it can be used as a reporter revealing hydrophobic core compaction because its fluorescence is mediated through local hydrophobicity and quenched by the proximity of the nearby disulfide bridge Cys23-Cys88 [23, 24] . By comparing the intrinsic Trp fluorescence of both domains, AR showed higher fluorescence than that of 6aJL2 at 37°C (Fig. 2) . This difference remained even when temperature was lowered to 25°C. 6aJL2 did not show a drastic change on its intrinsic fluorescence between these two temperatures. Since the T m values are very different between AR and 6aJL2, 33 and 49.9°C respectively [17] , it can be proposed that the high intrinsic fluorescence intensity of AR might be attributable to an inadequate hydrophobic core packing of the native state.
The low thermodynamic stability showed of AR (DG 25°C = 1.7 kcalÁmol À1 ) [17] and its high intrinsic fluorescence, indicated that the hydrophobic core of AR was not properly compacted. Influenced by these observations, we focused on those residues located within the central hydrophobic core that are different from those of 6aJL2 (F21 and V104). Residue G25, which is located at the upper hydrophobic core, was considered as important since it was previously shown that it exerted a remarkable influence over the stability of this variable domain [11] . Consequently, we decided to mutate these three residues back to the sequence of 6aJL2: AR-F21I, AR-G25R, and AR-V104L. Double and triple mutants were named according to the position of the mutated residues; for example, the triple mutant was named AR-21/25/104. All these mutants were expressed and purified as described in Materials and methods section. Contrary to what was expected, AR-G25R experienced negative effects revealed as a null protein expression under described conditions and AR-25/104 showed low protein expression, < 100 lg of purified protein per liter of bacterial culture. However, the variant containing mutation F21I showed the highest yield and mutant AR-21/104 produced over 1.5 mg of purified protein.
Similar secondary structure among all variants
To further characterize these mutants, their secondary structure was analyzed with CD ( Fig. 3) . Far-UV CD spectra for all domains showed a minimum near 215 nm, typical of b-sheet-rich structure. However, not all mutants showed a second minimum near 230 nm, which characterizes optically active aromatic residues, and this minimum might be enhanced by the presence of mutation F21I since all the mutants containing this mutation showed this minimum. After thermal denaturation (Fig. 4 ), samples were cooled and new spectra were obtained. Native and refolded spectra are very similar, indicating that the unfolding process is reversible.
In order to correlate the thermodynamic information so far obtained with the structural properties of the proteins, and particularly the role of the identity of residue 25, we determined the structure of AR and that of the 6aR25G mutant.
A synergic double mutation stabilizes AR Pure proteins were analyzed by thermal and chemical unfolding experiments at equilibrium as described in Materials and methods section ( Fig. 5 and Table 1) . Notably, except for the AR-G25R mutant, all AR variants followed a two-state unfolding pathway as observed in thermal experiments; in agreement, the DC p values obtained from the slope of a DH°versus T m plot (Fig. 6) [25] . Germline 6aJL2 is compared against its single-point mutation, R25G, and the patient-derived AR. Residues are numbered according to [26] . FR and CDR are marked. The triangles below the sequences indicate the selected positions to mutate back AR to 6aJL2. concentration in PBS 19, pH 7.5, was excited at 295 nm, and emission spectra was recorded between 310 and 410 nm. Line in red, AR incubated at 37°C; in orange, AR at 25°C; in green, 6aJL2 at 37°C; and in blue, 6aJL2 at 25°C.
Remarkably, double mutants AR-21/25 and AR-21/ 104 exhibited similar thermal unfolding values than triple mutant AR-21/25/104. All these thermodynamic data related to the mutation of residue 25 in AR strongly suggest that arginine could not be properly placed at the upper hydrophobic core. Moreover, it should be pointed out that not even the most stable variant of AR, bears thermodynamic parameters similar as the ones of 6aJL2, these results indicate that some of the other mutations, not reverted in this work, are preventing the full stabilization of AR variable domain.
Stabilized AR slowed down its fibrillogenesis kinetics
The thermodynamic stabilization of AR was assessed by means of fibrillogenesis experiments, which determine its capability to form amyloid fibrils in vitro. It was impressive to observe that AR formed fibrils in < 1 h at 37°C, showing the shortest lag time and the highest incorporation rate. Likewise surprising was the observation that diminishing the temperature to 25°C, lag time increased to 5 h but the incorporation rate was almost the same (Fig. 6A) . Fibrillogenesis kinetics of the mutants were associated with their respective thermodynamic stability. The more stable the domain the slower its fibrillogenesis kinetics ( 6a-R25G structure presents interactions between those found in AR and 6aJL2 structures
Despite that both restoring mutations in the hydrophobic core of AR, the reason of why mutation of AR-G25R did not contribute to stability was not clear enough. AR and 6a-R25G crystals diffracted at resolutions of 1.7 and 1.92 A, respectively. The analysis of the diffraction patterns showed that AR crystals belonged to the tetragonal spatial group I4 1 22, while 6a-R25G crystals belonged to the monoclinic spatial group C 1 2 1 . The calculated Matthews' coefficient [28] for AR was 2. Crystallographic data and refinement statistics for 6a-R25G, and AR, are shown in Table 2 . The effects of a single point mutation drastically modified the arranging properties of the asymmetrical unit.
Overlapped structures describe the same canonical folding
Overlapping the two monomers of the crystallographic structure of 6aJL2 displayed a RMSD value of 0.21 A; and overlapping each 6a-R25G monomer against respective monomer A, RMSD values ranged from 0.19 to 0. 35 A. In addition, overlapping AR against monomers A of 6aJL2 and 6a-R25G displayed values (Fig. 7A) . Furthermore, not only Arg25 was performing the specific Cation-p interaction between Phe2-Arg25 in 6aJL2, but also many interactions were enhanced by the presence of this residue like more hydrogen bonds through all CDRs and the nearby loop of residues 68 (Fig. 7B) . Also, in 6aJL2, Arg25 is directly interacting with Phe2 through a Cation-p. In the absence of the guanidinium group, Phe2 reoriented to the inside of the upper hydrophobic core as showed in AR and 6a-R25G (Fig. 7C) . The position of Ile21, Arg25, and Leu104 in 6aJL2 is shown depicting the closeness between residues 21 and 104 and their distance from residue 25 (Fig. 7D ).
Shared and unique residue-residue interactions among all structures
Other long-distance interactions should be either appearing or fading in order to compensate mutations. The structures of 6aJL2, 6a-R25G, and AR were characterized using PIC server [29] , to describe hydrophobic interactions, hydrogen bonds, and other residueresidue interactions on the entire domain. Common interactions among all three structures were discarded and both shared interactions between each pair of structures and exclusive interactions were considered. In Table 3 are summarized all the relevant interactions within the monomers of 6a JL2, 6aR25G and AR whereas the corresponding relevant interactions in the Bence-Jones dimers are shown in Table 4 . Interestingly, few shared interactions were found between 6aJL2 and AR, suggesting that the molecular context between these two domains is different despite of having similar folds. Moreover, 6a-R25G shared some interactions with 6aJL2 and AR, which could be considered as an intermediate structure between these two. By mutating Arg25 to Gly, the hydrophobic interaction Phe2-Ile30 could be substituting Phe2-Arg25 since Phe2 rotated to the upper hydrophobic core according to structures 6a-R25G and AR. Ile30 was described as an anchor residue because this residue is facing to the upper hydrophobic core despite of being located in CDR1. In addition, ionic interactions such as Glu13-Lys17, joining strands A and B, and Arg39-Glu81, joining strands C and F, are present in 6a-R25G and AR.
Other regions were affected through long-distance effects by the gain-loss of interactions. 6a-R25G showed a weakened 40-60 loop due to the presence of a lesser number of hydrogen bonds as compared with 6aJL2. This proline-rich loop was described as an antiaggregation motif for b-sandwich structures [30] . Nonetheless, a key stabilizing element was identified after analyzing some interactions within the hydrophobic core of AR, which might explain its high intrinsic fluorescence and related to its low thermodynamic stability. Most unusual interactions within AR were associated with residue Phe21, like aromatic-aromatic stacking with Trp35 and Tyr86, and the aromaticsulfur interaction with Cys23. The intrinsic high fluorescence of AR might be attributed to the displacement of Trp35 away from Cys23, which is part of the disulphide bridge, causing a substantial decrease of fluorescence quenching. 
where h is the unique reflection index, I j,h is the intensity of the symmetry-related reflection, and hI h i is the mean intensity.
all reflections, where F o and F c are the observed and calculated structure factors, respectively, and h defines unique reflections. R free is calculated analogously for the test reflections, randomly selected, and excluded from the refinement.
In order to compensate this unstabilized hydrophobic core, AR displayed a higher number of hydrogen bonds associated with lateral chains throughout the entire domain. As shown with single-mutant AR-F21I, removing this aromatic ring importantly contributed to the stabilization of the domain. Also, even though mutation AR-V104L did not contribute to stabilize the domain unlike AR-F21L, eliminating the hydrophobic interaction Phe21-Val104 resulted in a significant stabilization of the hydrophobic core according to the thermodynamic data and the modifications on the inner interactions (Table 3) .
A cavity is formed around CDR1 due to the absence of Arg25
Despite all the structural information generated, it was hard to explain why mutating Gly25 back to Arg in AR did not contribute to increase thermodynamic stability. By taking another approach, we looked for the presence of cavities around CDR1 and N terminus using CASTp server [31] . As shown in Fig. 8 , there is a small cavity in 6aJL2 of about 23.4 A 3 ; but the cavity left by the change of Arg25 to Gly was substantially higher. In 6a-R25G, the cavity corresponded to a volume of 164 A 3 and in AR, 160 A 3 , suggesting that even though AR bears a lot of mutations, this cavity might be filled up with voluminous residues, preferably with an Arginine residue.
Similar multimeric assemblies to the natural crystallographic octamer of 6a-R25G can be generated
While the 6a-R25G crystallographic structure naturally exhibited an octameric structure arranged by four dimers, Bence-Jones dimers of 6aJL2 and AR were constructed by following their symmetry properties (Fig. 9) , and the interface areas were characterized with PISA server [32] . Despite that the calculated interface area for these three structures and that the number of hydrogen bonds were similar, the number of salt bridges (SB) here located were different (Table 4) . 6aJL2 reported no SB, 6a-R25G 2 SB on average, and AR 4 SB, suggesting that AR BenceJones dimers have very strong interactions in the interface area.
Furthermore, by increasing the size of the crystallographic unit cell following their symmetry properties using UCSF CHIMERA software [33] , we were capable to construct octameric structures of 6aJL2 and AR (Fig. 10) . Although AR presents 14 mutations and an extra Glycine compared with 6aJL2, both octameric assemblies resembled the crystallographic structure of 6a-R25G (Fig. 10A-C) . No domain swapping was required for each monomer of 6a-R25G in order to form the octamer assembly, suggesting that direct stacking might be a reasonable assembling mechanism presumably after N-terminal segment is reorganized [34] . By observing the multimeric assembly of 6a- R25G from a transverse projection (Fig. 10D) , the organization of the main chains among the three multimers allowed the formation of a notorious hollow which is mostly filled by His8, Gln38, Ser42, and Tyr87 along with Pro7 residues (Fig. 10E ). All these seductive structural observations led us to suggest that after some structural adjustments, particularly around the N-terminal domain of 6a-R25G, the interaction between two monomers would form a Bence-Jones type dimer allowing the generation of a relatively stable quaternary structure furtherly arranging into an octameric assembly.
Discussion
The model protein 6aJL2 refers to a germ-line LC variable domain (without any somatic mutation) in which the effects of disruptive mutations could be understood [35, 36] . However, the main drawback when trying to emulate the somatic hypermutation process is that 6aJL2 contains 111 residues and to obtain just all the possible single-mutants, it means to generate and evaluate over 2000 variants. Based on these limitations, in this work we decided to follow the approach of assessing the opposite mechanism of the somatic hypermutation process by means of mutating the sequence of an amyloidogenic LC variable domain obtained from an AL amyloidosis patient. The selected protein, AR, was mutated to its respective germ line in order to understand the thermodynamic effects of some backward mutations. Unfolding experiments revealed that AR bears low thermodynamic parameters, particularly a T m below normal human temperature. At 37°C, the results indicate the presence of a significant population of partially unfolded structures as compared to the same experiment conducted at 25°C (Fig. 6A) . Since it has been demonstrated for 6aJL2 that in vitro fibrils formation was maximal near denaturation midpoint [13] , these results indicated that partially unfolded V L s are implicated in the aggregation processes.
Although V104L mutation showed a neutral impact in AR, double-mutant AR-F21I/V104L revealed a synergic interaction between these residues. However, single-mutant AR-G25R experienced a null protein expression and showed no synergism with the other two mutations. Other residues might be competing to fill in the cavity left by Arg25 in CDR1 with hydrogen bonds that might not be properly distributed as well. For instance, as shown for amyloidogenic V L jIV LEN, its thermodynamic stability was enhanced Table 3 . Interactions among residues. Hydrogen bonds, hydrophobic, ionic, aromatic-aromatic, and cation-p interactions formed between residues of 6aJL2, 6aJL2-R25G, and AR according to Kabat numbering [26] . The hydrogen bonds and hydrophobic interactions were determined by means of the protein interaction and the Protein Interaction Calculator servers criteria based on interatomic distances of 3.5 and 4.0 A, respectively [29] . Dashes indicate that the respective interaction is not present in the corresponding proteins.
--through the optimization of the hydrogen bonds located at the surface of the protein [37] . Apparently, the charge and the size distribution of the amino acid residues present in CDR1 segment might be influencing Arg25 proper fitting and presumably modifying the amyloid pathway. In addition, the hydrophobic hollow left by the mutation Arg25Gly revealed a compensatory effect as a result of the reorientation of its lateral chain in AR and 6a-R25G as compared to the corresponding structure of 6aJL2 (Figs 7 and 8) . Nonetheless, compensatory interactions were shared even in the presence of other mutations (Table 3) . Triple mutant AR-F21I/G25R/V104L did not improve any of the thermodynamic parameters of double-mutant AR-F21I/V104L (Table 1) , and it was the lone protein that did not follow the trend of stability and fibrillogenesis kinetics. Seen from a global perspective, a single mutation in a partially exposed residue far from hydrophobic core had a long-distance impact in all the structure, as shown with the diversity of readjustments.
Furthermore, CD spectra confirmed that 6aJL2, 6a-R25G, and all of the AR variants conserved the bsandwich folding typical of an immunoglobulin domain regardless of their different thermodynamic stability (Fig. 3) . The analysis of the crystallographic structures allowed confirming a conserved canonical bsandwich structure (Fig. 7) . 6aJL2 and 6a-R25G NMR data showed that this single mutation did not affect CDR1 architecture [38] . These results were expected since an analogous phenomenon was described with amyloidogenic k6 LC JTO and its derived mutants where all of them showed low differences in Ca main-chain RMSD values among mutants [39] . Similar results were reported when amyloidogenic V L AL-09 was mutated back to germ-line jI O18/O8. In these experiments, the thermodynamic stability of the protein was increased while decreasing fibrillogenesis kinetics. The crystallographic structuration at the dimer interface was modified but the pattern of the main chains was conserved [40, 41] . Therefore, considering all the structural data here showed which revealed an identical CDR1 folding shared among 6aJL2, 6a-R25G, and AR, the notion of a strong CDR1 restructuration can be discarded [42] .
However, 6aJL2 and AR multimeric structures converged in an octamer assembly similar to that of 6a-R25G, suggesting that direct stacking might be a plausible mechanism to understand amyloid aggregation of k6 variable domains [34] . Hence, this octamer assembly for 6a-R25G crystallographic structure might represent an important early stage in amyloid aggregation. Moreover, it has been shown that soluble amyloid oligomers may induce cellular toxicity through the generation of an ion channel-like structure [43, 44] and strongly Fig. 8 . Cavities. The biggest cavity in each structure depicted in purple was found in CDR1 segment and calculated with CASTp server [31] . In orange are depicted residues 2, 21, and 104 for each structure. (A) 6aJL2, (B) 6a-R25G, and (C) AR. Table 4 . Residues interacting within the dimeric interface. The interface area, the interacting residues between dimers, and the construction of the dimeric forms of 6aJL2 and AR were calculated by using PISA server [32] . Residues in italics refer to those interactions that are shared despite of having mutations. Check marks indicate that the respective interaction is present in the corresponding protein while dashes indicate the missing interaction. dependent on the cell membrane environment [45] . The manner in which k6 variable domain oligomers could be interacting with a specific cellular membrane might be influenced by its corresponding mutations resulting in different cellular internalization processes and phenotypic transformations [46] [47] [48] .
A noticeable difference between the fibrillogenesis kinetics of AR and its mutants is that, despite the reproducible lag and log phases, they did not show a constant fluorescence value, that is a stable plateau at the end of the fibrillogenesis experiment (Fig. 6) . This is very likely due to a change in solubility of the mature fibril. This remarkable solubility change from soluble monomers and oligomers to insoluble amyloid fibrils can be explained as modifications of their structural properties. In fact, it has been described that the mechanical properties, the solubility, as well as the thickness of amyloid fibrils are modified during the transformation from oligomers to mature fibrils [49] [50] [51] . Thus, the different behavior of AR and 6aJL2 in the plateau region of fibrillogenesis experiments suggests that the interactions present in the mature fibrils from both should be different.
Further research using AR as a model protein would help to assess, not only the importance of other residues that could have prevented the proper placing of Arg25 but also to know what cellular alterations might have been triggered after interacting with this patient-derived LC variable domain that would have caused this pathogenesis.
Materials and methods
Cloning, expression, extraction, and purification AR-encoding sequence DNA was previously synthesized. This DNA was cloned into pSyn1 vector. Site-specific mutations in AR were generated using a mutagenic megaprimer [52] . All constructs were verified by nucleotide sequencing. Vectors containing the DNA segments encoding LC variable domains were transformed into the Escherichia coli strain BL21 (DE3).
The cells were grown in 2XYT medium containing 100 mgÁmL À1 ampicillin at 37°C and 150 r.p.m. When the culture reached an A 600 of 1-1.4, protein expression was induced by the addition of isopropyl-B-D-thiogalactopyranoside at a final concentration of 1 mM. The cultures were grown 20 h under low agitation (115 r.p.m.) at 20°C. The periplasmic proteins were extracted as previously described and stored at 4°C. The extracts were dialyzed overnight in 50 mM NaCl and 40 mM Tris, pH 8.2 (buffer A). The proteins were separated by size exclusion chromatography using a Sephacryl S-100 HR column (Amersham Biosciences, Piscataway, NJ, USA) connected to an € Akta FPLC system (GE Healthcare, Chicago, IL, USA). The column was previously equilibrated with buffer A at a flow rate of 2 mLÁmin À1 . The peaks corresponding to the LC variable domains were collected. Each peak was extensively dialyzed at 4°C in buffer A while gradually decreasing the NaCl concentration. The final dialysis was performed in 40 mM Tris, pH 8.2. The dialyzed protein was applied onto an anion exchange chromatography column (Bioscale mini macro prep High Q; Bio-Rad, Hercules, CA, USA) that was prewashed with 40 mM Tris, pH 8.2. The protein was eluted with a linear gradient of 0-30% 500 mM NaCl and 40 mM Tris, pH 8.2, over 60 min. The fractions containing the light chain proteins were pooled and stored at 4°C until needed. The purity of the protein was verified by SDS/PAGE and mass spectrometry. The protein concentration was determined by UV absorption using the extinction coefficient value calculated with the ProtParam Tool in the ExPASy Web site.
Unfolding experiments: Data analysis
The changes in tryptophan fluorescence were analyzed after normalization of the transition curves to the apparent fraction of unfolded molecules, F app .
where Y obs is the observed fluorescence at a given temperature or a guanidine HCl concentration, and Y f and Y u are the fluorescence signals for the native and unfolded forms, respectively. A linear dependence of Y obs was observed in both the native and unfolded baseline regions; therefore, linear extrapolations from these baselines were made to obtain estimates of Y f and Y u in the transition region.
Guanidine HCl denaturation experiments
The intrinsic fluorescence emission measurements were recorded on a LS50B spectrofluorimeter (PerkinElmer Life Sciences, Waltham, MA, USA) using a 1-cm-path length quartz cuvette. Protein samples were prepared at concentrations of 50 lgÁmL À1 in 20 mM sodium phosphate buffer, pH 7.5. Different concentrations of guanidine HCl (GndHCl) from an 8 M stock solution were used to unfold the protein; the samples were then incubated for 12 h at 25°C (equilibrium conditions). The fluorescence emission was collected at 355 nm using an excitation wavelength of 295 nm. Thermodynamic parameters were calculated assuming the unfolding reaction followed a two-state model, in which the native monomers (N) are in equilibrium with the unfolded monomers (U),
A linear dependence of DG°on the concentration of GndHCl,
DG
¼ DG H2O À m½GndHCl DG H2O represents the Gibbs free energy in the absence of GndHCl, m is the gradient of the linear transition region and reflects the cooperativity of the process, and C m is the denaturant concentration at which DG = 0 and was calculated as C m = ÀDG/m.
Thermal unfolding
The samples were solubilized at 50 lgÁmL À1 of PBS solution and then placed into quartz cuvettes. A micro-stir bar was used at a low speed to maintain a uniform solution temperature. Fluorescence intensity was measured as described for chemical denaturing experiments. Protein solution was heated using a water bath with a recirculation system connected to the cuvette holder of the spectrofluorimeter (LS50B; Perkin Elmer Life Sciences). Temperature of the solution was measured using a thermistor thermometer. Thermal unfolding data were analyzed as described by Pace et al. [53] , assuming a two-state process and the van't Hoff equation,
where T is the temperature, DH is the enthalpy, and R is the gas constant.
The value of DG at room temperature was determined using the following equation,
where T is 298 K, and DC p is the change in heat capacity associated with unfolding, calculated theoretically according to the method described by Milardi et al. [27] .
In vitro fibril formation
Protein samples at a concentration of 100 lgÁmL À1 were filtered through a 0.22-lm pore-size Millex GV membrane filter (Millipore, Billerica, MA, USA) and poured into a polystyrene cuvette in PBS. The cuvette was incubated at 37°C under agitation with a magnetic stir bar. Amyloid fibril formation was monitored at different time points by following the incorporation of Thioflavin T (ThT) (Sigma Aldrich, St. Louis, MO, USA). Fluorescence emission was recorded at 482 nm using an excitation wavelength of 450 nm. Fibril formation kinetics was analyzed by fitting the time-dependent changes in the ThT fluorescence intensity to the following equation [54] ,
where F ThT is the fluorescence intensity of ThT, which measures the fibril amount in solution, A governs the apparent shape of a progress curve, B is the effective rate constant, and t is the time in hours [54] . An absolute value of the nucleation lag, t lag , was calculated by extrapolating the linear region of the hyperbolic phase back to the abscissa.
CD experiments
CD spectra and thermal denaturation experiments were recorded on a JASCO J-715 spectropolarimeter (JASCO Inc., Easton, MD, USA) equipped with a water-cooled peltier. Far-UV CD spectra were recorded using a 0.1-cm-path length closed quartz cell at a concentration of 400 lgÁmL
À1
protein in 50 mM Na 2 HPO 4 , 100 mM NaCl, pH 8.0. Raw data were converted to molar ellipticity using the formula,
where C is molar concentration, and l is the cell path length in cm.
Crystallization and data collection
Prior to crystallization trials, AR and 6a-R25G proteins were maintained in 40 mM Tris, pH 8.2, containing 20 mM NaCl. Both proteins were crystallized using hanging-drop vapor-diffusion techniques at 18°C. For 6a-R25G, the best results were obtained in droplets composed by mixing equal volumes of 7 mgÁmL À1 of protein solution in 100 mM Mes, pH 6.5, with precipitant 0.1 M sodium cacodylate and 1.4 M sodium acetate, pH 6.5. For AR, same precipitant reagent was used but protein was diluted in Tris/HCl 100 mM, pH 7.5. Diffraction data were collected on a Rigaku MicroMax-007 HF rotating anode generator (Cu j a, k = 1.5416) at 100 K on an R-AXIS IV++ image plate detector (Woodlands, TX, USA). Mother liquor including 30% glycerol was used as cryoprotectant. Data sets were indexed and integrated using XDS [55] and reflections merged and scaled with SCALA in the CCP4 suite [56] . The correct space groups were determined with POINTLESS [57] .
Structural determination and refinement
The 3D structures were solved using molecular replacement techniques with the program PHASER [58] in the PHENIX SUITE [59] , using atomic coordinates of k6 WIL (PDB ID 2CD0) as model. Map inspection and model building were performed with COOT [60] and the resulting models were refinement with PHENIX.REFINE [61] . Water molecules were added to the model near the end of the refinement by a search procedure based on peaks observed in the difference maps and bond distance criteria. MOLPROBITY was used for the analysis of the stereochemistry of the model and validation [62] . The mutation presence was confirmed through the differences of the Fourier maps using the native structure as basis. Analyses of the dimer interface were performed using the PISA web server (European Bioinformatics Institute) [31] , and alignments with 3d-SS [63] . The final models were drawn using CHIMERA [28] , and the residue-residue interaction analyses were performed with PIC server [28] . The atomic coordinates and structure factors of the final models have been deposited in the Protein Data Bank with accession numbers 5IR3 and 5C9K for AR and 6a-R25G structures, respectively.
